A combined single-crystal inelastic x-ray scattering ͑IXS͒ and x-ray diffraction ͑XRD͒ study of synthetic wüstite Fe 0.95 O at elevated pressure revealed an increasing difference in the bulk modulus determined from static XRD and dynamic IXS measurements upon compression. We explain this observation by anelastic relaxation in the studied material and propose a model for the quantitative description of such a physical phenomenon. The analysis of available data provides evidence for a reasonably good agreement for bulk moduli and a systematic difference for their pressure derivatives between static and dynamic measurements.
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They connect thermodynamic macroscopic ͑response to external stresses͒ and microscopic ͑interatomic interactions, stiffness of chemical bonding between atoms, lattice dynamics, etc.͒ properties of crystals.
Elastic moduli can be determined from pressure-volume relations ͑static or shock-wave compression͒, from acoustic waves velocity measurements ͓ultrasonic interferometry ͑IXS͔͒, or from dispersion curves of acoustic phonon branches ͑neutron, x-ray or light inelastic scattering͒. 2 In the case of an ideal elastic solid the elastic moduli determined using different techniques should coincide within the experimental error ͑with the conversion factor between isothermal and adiabatic moduli͒, as was shown, for example, for MgO ͑periclase͒ 3 and Fe 3 O 4 ͑magnetite͒. 4 However, if any anelastic relaxation exists and the equilibrium strain for a given stress is achieved only after a certain finite time interval, the effective elastic moduli measured by different methods would systematically vary, depending on the sampling frequency. 5 Anelasticity in a solid appears due to defects or other crystal imperfections when the energy minimum is achieved not only by varying the atomic geometry but also by changes in the materials' mesostructure ͑e.g., structure with a characteristic length larger than the crystal unit cell size͒.
We have chosen nonstoichiometric Fe x O as a candidate for a strongly anelastic material, as was already shown earlier. 6 Although Fe x O has been intensively studied for several decades, many of its properties including elastic behavior remain controversial and not well understood. 6, 7 The lattice parameter a ͑under ambient conditions wüstite has the cubic NaCl-type crystal structure͒ varies nearly linearly with composition, 8, 9 while bulk moduli measurements are highly controversial-reported values range from 142 to 185 GPa ͑Table S-1, supplementary materials͒. 10 It was suggested that the bulk modulus K T varies nonlinearly with wüstite composition. 8, 11 Other authors suggested that the difference between static and dynamic measurements of the bulk modulus is more important than the compositional dependence. 6 Here we present the results of a combined single-crystal static compression x-ray diffraction study and IXS measurements on the nonstoichiometric Fe 0.95 O up to 20 GPa at room temperature ͑details of the experimental procedure and sample characterization can be found in online supplementary materials͒. 10 The coefficients of a finite-strain isothermal third-order Birch-Murnaghan equation of state ͑EoS͒ were determined using the K T -V relation 3 or by fitting the pressure-volume dependence ͑Fig. S-2, supplementary materials͒.
The effective ambient conditions bulk modulus determined from IXS and compressibility measurements coincides within the experimental error ͑K T = 162Ϯ 3 GPa͒, while KЈ values differ significantly ͑5.3Ϯ 0.2 for IXS data versus 1.79Ϯ 0.92 for diffraction data͒. KЈ is the pressure derivative of bulk modulus, e.g., it reflects how fast does the bulk modulus change upon increasing pressure. At pressures of about 17 GPa ͑just below the cubic-to-rhombohedral transition͒ the difference in bulk modulus reaches ϳ40 GPa, at least one order of magnitude larger than the associated experimental uncertainty ͑Fig. 1͒. A strong magnetoelastic coupling ͓which was suggested to exist in FeO ͑Ref. 12͔͒ as an explanation for our observations can be ruled out. First, recent elasticity measurements by gigahertz ultrasonic interferometry 13 showed that the magnetoelastic coupling is weak in this material. Second, a phonon-magnon coupling in antiferromagnets would give the effect 14 ͑K static Ͼ K dynamic ͒ opposite to that, we observed
We explain the unusual compressional behavior of Fe x O by anelastic relaxation 5 associated with defect diffusion. Defects in the wüstite structure form clusters of different size and geometry, 15 and the distribution of defect clusters is known to be not random. 16 Computer simulations show that different defect clusters and their distribution results in different values of free energy, equilibrium volume, and bulk modulus even for the same composition. 17, 18 The redistribution of defects is therefore the most likely mechanism of anelastic relaxation in Fe x O. Our observations show that significant anelastic behavior appears only at high pressure, when a certain strain is applied. We assume that the energy decrease due to anelastic relaxation could be described by a polynomial function of strain
where f E is the Eulerian strain,
The elastic part of the strain-induced energy change can be described by the commonly used Birch-Murnaghan EoS, and the fundamental relations to pressure and bulk modulus are
and
͑4͒
We assume, that pressures, measured under static stress, reflect the fully relaxed structure, and bulk moduli measured from acoustic phonons dispersion represent the pure elastic response. We then fitted both sets of data together to obtain the parameters of Eq. ͑1͒ for anelastic relaxation. Our experimental data can be well fitted with only the cubic term of strain ⌬E anelastic = Bf E 3 with B equal to 8.56Ϯ 0.49 kJ/ mol. This model describes both the elastic contribution ͑elastic limit͒ probed by acoustic phonons and the total contribution ͑elastic limit+ anelastic relaxation͒, determined by static compressibility experiments ͑Fig. 2͒.
Some authors 19 consider that reliable values of K 0 and KЈ from static compression could be obtained only from single-crystal x-ray diffraction studies under hydrostatic conditions, especially for such stress-sensitive material as iron monoxide. We reanalyzed available literature data for various Fe x O single crystals using the third-order BirchMurnaghan EOS ͑Fig. S-3, supplementary materials͒ 10 and compared K 0 and KЈ values to those reported from dynamic measurements ͑Fig. 3͒. We found fairly good agreement between static and dynamic measurements of K 0 . Although the agreement between "static" and "dynamic" values for K 0 is almost within the usual uncertainty of compressibility measurements, there is some systematic offset. Such an offset indicates that coefficient A in Eq. ͑1͒ is not necessarily zero. In contrast to Jeanloz and Hazen, 6 we also see a systematic compositional variation in the reanalyzed data. In agreement with our model of anelastic relaxation in wüstite, KЈ values are significantly different in static and dynamic experiments.
Ultrasonic gigahertz spectroscopy measurements 13 are in good agreement ͑especially taking in to account the difference in composition of the studied samples͒ with IXS results ͓see Fig. 2͑c͔͒ . Low frequency or static measurements would reflect a sum of elastic and anelastic contributions. In case of any internal structural relaxations, associated with atomic FIG. 2. ͑Color online͒ ͓͑a͒-͑c͔͒ Empirical model for the strain-induced anelastic relaxation: volume dependence of free energy ͑a͒, pressure ͑b͒, and bulk modulus ͑c͒. Dashed lines show the elastic contribution, calculated according to the third-order Birch-Murnaghan EOS; solid lines display the results including anelastic relaxation as given by Eq. ͑1͒. Experimental values for static pressure ͑solid circles͒ represent full stress; experimental values of the bulk moduli determined by IXS ͑present study of Fe 0.95 O͒ and gigahertz ultrasonic interferometry ͓study of Fe 0.94 O ͑Ref. 13͔͒ probe only the elastic contribution ͑open circles and triangles, respectively͒. The systematic offset between IXS and ultrasonic measurements is most likely due to different samples composition or different frequencies. The reason for the small change in slope of the ultrasonic data is discussed in ͑Ref. 13͒ and cannot be verified in present work due to insufficient number of data points. 5 There are some evidences for anelastic effects that occur in Fe x O at even lower frequencies ͑irreversible volume changes were reported after the crystal was kept for several days under high pressure and then decompressed͒, 20 but these were not observed in the present study.
Our study shows that anelastic relaxation at high pressure can be very strong and cannot be considered as a negligible effect a priori. All solid solutions, nonstoichiometric compounds, materials with complex mesostructure ͑particu-larly nanostructured solids͒ have internal degrees of freedom, and could therefore experience internal relaxation and show deviations from normal elastic behavior.
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